INTRODUCTION
All yeasts presently known are able to utilize one or more sugars as their principal source of carbon and energy (3) (4) (5) . Many yeast strains that are commonly used in biotechnological processes have been obtained from natural habitats with high sugar concentrations, in which they rapidly convert the available sugars to ethanol. In these ecosystems, the growth rate of yeasts like Saccharomyces cerevisiae (baker's yeast, brewer's yeast) may be limited by the availability of nutrients other than the sugar carbon source. Under such conditions, their competitiveness is not determined by affinity for the sugar substrate or the energetic efficiency of sugar utilization. This is reflected by the characteristics of their sugar uptake systems, which generally have a rather poor substrate saturation constant for the sugar substrate: Km values are usually in the 10-3 to 10-2 M range (111) . Yet, at saturating sugar concentrations, glycolytic fluxes in these yeasts can attain very high values. This is a bonus in the classical biotechnological applications of S. cerevisiae, i.e., during the leavening of dough and the production of alcoholic beverages, for which a high specific rate of alcohol production is desired.
The Crabtree-positive yeasts, which include S. cerevisiae, have a strong tendency toward alcoholic fermentation. In these yeasts, high rates of sugar uptake result in alcoholic fermentation, even when oxygen is present in excess (50, 79, 106) . In modem large-scale production processes, e.g., for the production of baker's yeast, single-cell protein, or heterologous proteins, alcoholic fermentation is not desired, because it inhibits growth and reduces the biomass yield (49) . In these processes, alcoholic fermentation is avoided by feeding sugar to the cultures at a low rate in a fed-batch mode. This results in a low concentration of sugar in the culture and, consequently, in a low rate of sugar uptake. At these low uptake rates, sugar metabolism is fully respiratory (79, 106) . Consequently, high biomass yields are obtained and accumulation of toxic products is prevented.
The high Km values for sugar transport that are characteristically found in S. cerevisiae strains are not typical for all yeasts: many species appear to be well equipped for growth at Transport constitutes the first step in the metabolism of a large number of sugars (a notable exception being the metabolism of some oligosaccharides that are hydrolyzed outside the cell). As such, sugar transport is likely to have a substantial impact on the regulation of the glycolytic flux as a whole. In this respect, it has been suggested that sugar uptake is a rate-limiting step in glycolysis (24, 40, 56, 110) . Because of its impact on the ecology and biotechnological applications of yeasts, sugar transport by yeasts has been the subject of a large number of studies. The majority of these have been performed with samples from shake-flask cultures grown in the presence of excess sugar. Unfortunately, such cultures are poor model systems, since they exhibit a number of inherent drawbacks for quantitative studies on sugar transport in yeasts. The aim of this paper is to review the applicability of chemostat cultivation as a tool for studies on' quantitative aspects of sugar transport in yeasts. Particular attention will be' paid to the relation between the kinetics of sugar transport in cell suspensions, as determined in experiments with radiolabeled sugars, and the kinetics of sugar utilization observed in growing cultures.
MECHANISMS OF SUGAR TRANSPORT
Since sugars are highly polar molecules, free diffusion across the membrane lipid bilayer probably does not contribute significantly to their rate of entrance into the cell at low sugar concentrations (57) . However, at high sugar concentrations, as for instance in grape juice, free diffusion might'contribute to some extent to the overall sugar influx (39, 117) .
Facilitated-diffusion systems, in which translocation of the sugar across the membrane is mediated by a carrier protein, are widespread among yeasts (3, 4, 55) . In the case of facilitated diffusion, the driving force for solute translocation is provided exclusively by the concentration gradient of the solute over the membrane. Therefore, uptake of sugars by facilitated diffusion does not require metabolic energy. Since the driving force for sugar uptake becomes zero when internal and external solute concentrations are equal, this process does Proton-sugar symport driven by the proton motive force and the sugar concentration gradient. ATP hydrolysis is required to expel the protons that enter the cytosolic compartment together with the sugar. For maltose transport in S. cerevisiae, it has been established that 1 mol of ATP is required per mol of sugar transported (121) .
not allow the uptake of sugars against a concentration gradient. In particular, during growth at very low extracellular sugar concentrations, intracellular accumulation of sugars may be necessary to allow the cytoplasmic sugar kinases and disaccharide hydrolases to function optimally (55) . This can be accomplished by coupling the uptake of a sugar molecule to the uptake of one or more protons via proton symport systems. Thus, the proton motive force over the plasma membrane can be used to drive intracellular accumulation of sugar. This proton motive force is generated mainly by the plasmamembrane H+-ATPase complex, which couples the hydrolysis of ATP to ADP plus Pi to the outward translocation of protons ( Fig. 1) .
In many bacteria, sugar uptake and phosphorylation are tightly coupled. In the so-called group translocation systems (57) , free intracellular sugar does not occur. Early studies on (deoxy)-glucose transport in S. cerevisiae have indicated that when sugar is added, sugar-phosphate appears faster in the cell than free glucose does, suggesting a similar mechanism for glucose transport in yeasts (37, 63, 109) . The occurrence of a group translocation mechanism for sugar uptake in yeasts has, however, been a matter of dispute for many years (55) . Recent studies on glucose uptake by S. cerevisiae have shown that free sugar can directly enter the cell, indicating that the glucose transporter catalyzes facilitated diffusion of free sugar (69) . It is likely that the massive phosphorylation of the sugar, which is also observed with incubation times in the subsecond range (118) , is caused by the excess sugar kinase activity in the cell or by a functional association of the transporter with intracellular sugar kinases as suggested previously (10, 11).
METHODS USED IN SUGAR TRANSPORT STUDIES Transport Studies with Radiolabeled Sugars
The most widely applied method for studying uptake of sugars by suspensions of yeast cells is the use of radioactive (1 C-or 3H-labeled) sugars. An inherent problem in transport studies with intact cells is the interference by subsequent metabolism. Nearly always, a significant decrease of the apparent uptake rate is observed within 15 s after addition of radiolabeled sugar (83) . This effect is most probably caused by production of 14Co2 and release of other labeled metabolites such as ethanol and organic acids. In practice, this problem can be reduced by using very short incubation times (5 to 10 s). Recent studies involving quenched-flow techniques (30) indicate that in starved galactose-grown S. cerevisiae cells, a 5-s uptake indeed gives a good indication of the initial influx rate (118) . Under certain conditions however, e.g., in the presence of cyanide, transport was already leveling off after 0.2 s and initial-influx measurements required sampling times in the subsecond time scale (118) . This shows that the method to measure influx by the 5-s method should be used with care and has to be substituted in some cases by the rapid-quenching technique.
Interference of metabolism in uptake studies can be circumvented by the use of nonmetabolizable sugar analogs, such as the glucose analog 6-deoxyglucose (52, 90) . Use of these compounds can provide only qualitative information, since kinetic parameters are likely to be different from those for the natural substrates. Nevertheless, when proper controls are included, the use of sugar analogs may yield important information on the uptake mechanism. For example, uptake of radioactive 6-deoxyglucose against a concentration gradient can be regarded as a reliable criterion for the presence of an energy-dependent uptake system (101, 111) .
An obstacle inherent to transport studies with radioactive sugars is the nonspecific binding of labeled substrate to cellular components. Correction for nonspecific binding is a necessity since, especially in short-term uptake studies, it may contribute significantly to the cell-associated radioactivity. Various methods have been used to determine the contribution of binding to the total amount of radioactivity retained by the cells. These rely on inactivation of cells (e.g., by heat treatment [96] ) or on control experiments performed at 0°C (10). Recently it was shown that significant reduction of binding, at least in S. cerevisiae, is best achieved by washing cells at -5°C with a solution containing 500 mM nonradioactive sugar (117) .
Another pitfall in transport studies with radioactive sugars is the chemical impurity of many radiolabeled sugars. For example, commercially available preparations of D-[U-14C]maltose may contain up to 2% glucose. Uptake of such impurities can contribute to a large extent to the total amount of radioactivity that is transported, in particular when the Km for uptake of the impurity is much lower than that for the sugar of interest.
Proton Flux Measurements
In the case of H+ symport mechanisms, sugar transport can also be determined indirectly by using a sensitive pH electrode to measure the alkalinization of weakly buffered cell suspensions upon addition of sugars (95) . A major advantage of this method is that nonspecific binding does not interfere with the uptake assay. A disadvantage of the measurement of sugardependent pH changes is that these assays cannot be performed with standard growth media, which are usually strongly buffered. Furthermore, interference of metabolism with the transport assay can also be problematic since proton movements may be caused by various other metabolic processes as well, including ATPase activity and production of acidic metabolites. As mentioned above for radioactive uptake studies, interference of metabolism with alkalinization studies is reduced by measuring initial rates. If radioactive transport studies and alkalinization assays are performed under identical conditions, the fluxes obtained with these two methods can in principle be used to calculate sugar-proton stoichiometries.
In Vitro Sugar Transport Studies Interference of sugar metabolism in transport studies is avoided by studying uptake in vitro with isolated membrane vesicles. Since cytoplasmic enzymes are absent in membrane vesicles, the transported sugar cannot be metabolized, thus facilitating calculations on uptake kinetics and accumulation ratios. Isolated yeast plasma membranes, however, do not form well-sealed vesicles (38) , which is probably the reason that they do not exhibit carrier-mediated initial sugar influx. Neverthe- less, this type of membrane vesicle can be used to measure counterflow (53) . To decrease the leakiness of membrane vesicles, membranes have to be fused with artificial liposomes (38) . In this way, membrane vesicles with transport parameters similar to those of intact cells can be obtained (71, 89) . Studies on energy-dependent transport processes in yeast plasma membrane vesicles are complicated by the absence of a proton-translocating respiratory chain. The physiological membrane-energizing system, the plasma membrane ATPase complex, cannot be used to energize transport in right-side-out vesicles because its catalytic site is not accessible to ATP. These predicaments can be circumvented via introduction of a heterologous proton-translocating system. This can be accomplished by fusion of purified yeast plasma membrane vesicles with liposomes containing proton-pumping bovine heart cytochrome c oxidase (Fig. 2) . In these fused vesicles, a proton motive force can be generated by addition of the artificial redox system ascorbate-TMPD (N,N,N',N'-tetramethyl-p-phenylene diamine)-cytochrome c (105, 107, 108) , which can be used to drive uphill transport of sugars as shown for galactose and lactose transport in Kluyveromyces marxianus (74, 107) and maltose transport in S. cerevisiae (105, 108) . Although the fused-vesicle method allows detailed studies on the molecular mechanism and energy coupling of transport systems, it is not yet possible to quantitatively relate in vitro activities to in vivo uptake rates.
Kinetic Analysis of Multicomponent Transport Systems
Studies on the kinetics of sugar uptake have in many cases revealed nonlinear Eadie-Hofstee or Hanes plots, indicating the activity of more than one transport system. When multiple transporters are active, the specific rate of sugar uptake (v) is described by equation 1. 
In equation 1, Kmi is the apparent affinity constant of transport system i, Vm., is the maximum capacity of transport system i, Cs is the substrate concentration, and n is the number of different transporters (103) . In principle, more than two transporters can be operative simultaneously. In practice, curve fitting of nonlinear kinetics usually assumes the involvement of two kinetic components with different Km values. (39, 85, 103, 117) .
SUGAR TRANSPORT IN YEASTS

Monosaccharide Transport
The most intensively studied case of sugar transport in yeasts is that of glucose transport in S. cerevisiae (for a comprehensive review, see reference 55). Analysis of radiolabeled glucose uptake has indicated that, depending on the growth conditions, transport can be described by one or two kinetic components (43) . Thus, high-and low-affinity uptake systems can be operative (10, 84). High-affinity glucose uptake, having an apparent affinity constant of about 1 mM, is most probably mediated by a facilitated-diffusion carrier, possibly in close association with a hexokinase (21) . The low-affinity uptake component has been a matter of dispute. Originally it was estimated, from a direct analysis of biphasic Eadie-Hofstee plots, that this component would have a Km of about 20 mM (10). Computer analysis of these data has, however, shown that the low-affinity part of the biphasic glucose uptake kinetics either has a very high Km (in the molar range) or even may not exhibit saturation kinetics, which would indicate passive diffusion (39 (Table 2) . Each of these genes has sequence homology with mammalian glucose transporters. It is at present not clear whether all of these genes indeed code for a sugar transporter or whether they code for regulatory proteins, as has recently been suggested for SNF3 (23) . Identification of the structural genes encoding glucose carriers in S. cerevisiae will probably have to await purification of their gene products and reconstitution into in vitro systems.
A different type of glucose transport, mediated by a glucoseproton symporter, has been demonstrated in a number of non-Saccharomyces yeasts, including Candida spp. (83, 97), Rhodotorula spp. (46, 48) , and K marxianus (26, 41) . In general, the apparent substrate saturation constants of these transporters are in the micromolar range. Such high-affinity glucose uptake systems are probably widespread among yeasts (25, 59) (Table 1) .
The second-best-studied monosaccharide uptake system in yeasts is the galactose transporter. In S. cerevisiae, galactose can be transported by two systems, a constitutive low-affinity system with a Km of more than 1 M and an inducible high-affinity transporter with a Km of about 3 mM (89). It has been reported that galactose also induces a carrier with an apparent affinity of 340 mM (89) . However, it is questionable whether this inducible low-affinity translocator exists or it is similar to the above-mentioned constitutive carrier with a Km greater than 1 M, since the kinetic constants were obtained by direct analysis of Eadie-Hofstee plots and it can be expected that the real Km value of the inducible low-affinity transporter will be higher (39) . Inducible galactose transport is mediated by the GAL2 gene product. GAL2 encodes a protein with a predicted size of 574 amino acids (99) , which most probably represents the high-affinity facilitated-diffusion galactose carrier. In contrast to S. cerevisiae, galactose transport in other yeasts can involve proton symport mechanisms (26) . Data on galactose uptake in non-Saccharomyces yeasts are scarce, as is the case for other monosaccharide carriers, and will not be further discussed in this paper.
Disaccharide Transport
Glucose is by far the most commonly used substrate for fundamental physiological studies on sugar metabolism in yeasts. However, only few industrial applications are based on glucose as a feedstock. Industrial substrates such as molasses, whey, starch hydrolysates, and wort all contain disaccharides (sucrose, lactose, and maltose, respectively) as the major sugar component.
In contrast to glucose metabolism, disaccharide metabolism in yeasts is not necessarily initiated by uptake of the sugar molecule. For example, in the yeast K marxianus, sucrose is initially hydrolyzed to glucose and fructose by the extracellular enzyme inulinase (91, 92) . Subsequently, the component hexoses are transported into the cell (Fig. 3) . Conversely, disaccharides can also be transported over the plasma membrane prior to hydrolysis by an intracellular hydrolase (Fig. 3) . This is the case, for instance, for maltose utilization by S. cerevisiae. In S. cerevisiae, hydrolysis of sucrose can occur either intracellularly or extracellularly (65, 93) . The general view, however, is that extracellular hydrolysis is the predominant route by which S. cerevisiae utilizes sucrose (3, 4, 31, 100) and that the presence of a sucrose-proton symport system may be a straindependent property.
In most cases, uptake of disaccharides by yeasts has been reported to occur via proton symport. Recent (83, 85) . A similar mechanism has been suggested for glucose transport in S. cerevisiae (9, 55), but in a recent study this view was questioned by suggesting that the glucose transporter(s) in this yeast might be constitutive (17) . Thus, observed changes in the apparent affinity constants would involve modification of the activity of existing glucose carriers, rather than repression/ derepression of carrier synthesis by switching off and on of carrier genes. Expression studies of the presumed glucose transporters, however, are not in agreement with this view, since expression of HXT1, HXT2, and HXT3, measured by using lacZ fusion proteins (51, 58) or antibodies against specific parts of the protein (119) , was shown to be growth phase dependent.
A complex regulation of transport has been observed for disaccharide carriers such as those for maltose and lactose. In these cases the activity of the disaccharide transporters in a variety of yeasts (3) is governed by induction-repression mechanisms (4, 26, 76, 94) .
Existing transport capacity for a sugar can also be controlled by posttranslational modification of the carrier protein. For example, in the absence of a nitrogen source for growth, the glucose transport activity in S. cerevisiae rapidly declines (14, 56) . Inactivation in the presence of high glucose concentrations or in the absence of a nitrogen source has been observed for galactose transport (29, 62) and maltose transport (13, 44). For maltose, studies with antibodies have indicated that the disappearance of activity is presumably associated with proteolysis of the carrier (60) . In addition to irreversible inactivation, maltose transport can be reversibly inactivated, depending on growth conditions (77) . The physiological necessity for shortterm regulation of transport activity is illustrated by studies on maltose transport with S. cerevisiae mutants defective in glucose repression (34, 35) and with wild-type cells exposed to a sudden change in the maltose concentration (86) . Uncontrolled maltose uptake led to substrate-accelerated death, a phenomenon also known to occur in bacteria (81) .
Evidently, the sugar concentration in the environment can strongly influence the kinetics of sugar uptake. As a consequence, cultivation methods used for transport studies should involve control of the sugar concentration.
CULTIVATION METHODS
With the exception of certain disaccharides, whose metabolism is initiated by extracellular hydrolysis, the specific rate of sugar uptake (v) is equal to the specific rate of sugar consumption (q,) in growing cultures. In principle, several cultivation methods can be applied to study the kinetics of sugar uptake by growing cells. The pros and cons of these methods are briefly evaluated below.
Batch Cultivation
For studies on transport kinetics in growing cells, it is crucial to use controlled cultivation conditions. This allows manipulation of growth parameters that affect sugar transport. Shake flask cultures do not meet this requirement, since pH and dissolved-oxygen tension cannot be regulated. Both these parameters exert a strong influence on the rate of sugar transport (48, 101, 104, 108) .
Batch cultivation in fermentors in which pH, dissolvedoxygen tension, and temperature are controlled may at first glance seem a suitable cultivation method for studying sugar transport in situ. The sugar concentration in the environment, although continuously decreasing (Fig. 4) , can be chosen in such a way that it does not limit the rate of transport and the specific growth rate is constant (p = PLmn:). During exponential growth, the specific rate of sugar consumption (q,) is constant and is described by equation 2: q, = It/Y. (2) in which Y.SX is the biomass yield, expressed as amount of biomass formed per amount of sugar consumed. Only when the sugar concentration in the culture is no longer sufficient to saturate the existing transport capacity, the growth rate decreases as a result of a decrease in the rate of sugar transport. This holds only if the biomass concentration that is obtained at the end of the exponential phase is determined solely by the initial sugar concentration in the growth medium. If other nutrients (for example, the nitrogen source) are limiting, sugar transport and growth may become uncoupled as a result of changes in biomass composition and production of overflow metabolites, thus making the relation between uptake and growth much more complicated. A rapid transition to zero growth occurs upon exhaustion of the sugar. In batch cultures, the expression and properties of sugar transport systems in yeasts depend strongly on the time of harvesting (12, 26) (Fig. 5) . The situation depicted in Fig. 4 with respect to the kinetics of growth and sugar consumption is more complicated when by-products that affect cellular physiology are formed. This occurs, for example, in aerobic batch cultures of S. cerevisiae and other Crabtree-positive yeasts, which exhibit alcoholic fermentation in the presence of sugar concentrations above 1 mM (115) . Apart from ethanol, other products that negatively affect biomass yield, such as acetic acid, may be formed.
Fed-Batch Cultivation
An intrinsic disadvantage of batch cultivation is that the data it provides on sugar uptake can be extrapolated only to situations in which sugar is present in excess ("in excess" is used here to indicate concentrations that do not limit the growth rate). Such studies have little relevance for the industrial cultivation of yeasts in sugar-limited fed-batch cultures (Fig. 4) . In the latter system, often started with a batch phase, sugar is supplied to the culture at a growth-limiting rate (i.e., the growth rate that is allowed by the rate of sugar addition is lower than IXmax)
In fed-batch systems, a constant specific growth rate can be accomplished by an exponentially increasing feed rate that VOL. 58, 1994 ---------------takes into account the increase in culture volume and biomass concentration. In practice, fed-batch cultivations are not operated at a constant growth rate but involve a feed proffle that leads to a continuous decrease in growth rate. This profile is governed by a variety of factors, including the oxygen transfer and cooling capacities of industrial bioreactors (8, 27). In addition to its experimental complexity, the use of fed-batch cultivation for fundamental studies on sugar transport suffers from the potential danger of a change in growth conditions related to the increase in biomass. For example, the formation of many toxic byproducts is linearly proportional to the amount of biomass, whereas adverse effects may be exponentially related to by-product concentration. Even in the absence of by-product formation, growth conditions that result in a constant (submaximal) growth rate can be maintained for only a relatively short period (hours rather than days). After this period, accumulation of biomass leads to a situation in which oxygen transfer properties of the fermentor set the limits for the medium feed.
Chemostat Cultivation
Chemostat cultivation does not suffer from the disadvantages of batch and fed-batch cultivation and is therefore better suited for transport studies. In a chemostat, nutrients are continuously fed to the culture. The culture volume is kept constant by continuous removal, at the same rate, of culture fluid containing biomass, products, and nondepleted nutrients (Fig. 4) . The medium that is fed into the culture is designed in such a way that one nutrient of choice (for example, the sugar) determines the biomass concentration in the culture. As a result, this limiting nutrient is almost completely consumed and its residual concentration in the culture is very low. The biomass yield (Ys,) on the limiting nutrient is given by equation 3 , in which Cj, is the reservoir concentration of the limiting nutrient and Cs and C, are the residual substrate concentration and the biomass concentration in the culture, respectively:
The flow rate at which the medium is fed to the culture (liters (64) . In this steady state, the concentration of all nutrients, including the growth-limiting substrate, is constant over time.
As a result of the constant growth conditions, the physiology of the microorganism also remains constant. This includes the sugar carrier content of the cells and the kinetics of sugar transport, which are not dependent on the time of harvesting. Therefore, steady-state chemostat cultures are ideally suited as a reproducible source of cell suspensions for sugar transport studies.
The use of chemostat cultivation is particularly advantageous in transport studies with S. cerevisiae. Aerobic batch cultivation of this yeast on sugars leads to a characteristic pattern. In the first phase, the sugar is fermented to alcohol, as a result of repression of various respiratory enzymes. When the sugar is exhausted, a lag phase is observed, during which the yeast adapts to a second growth phase on ethanol. Many differences reported in the literature with respect to properties of sugar transport in S. cerevisiae can probably be ascribed to the physiological status of the yeast, which is strongly dependent on the phase of growth and, consequently, on the time of harvesting.
Chemostat cultivation allows evaluation of the effects of specific environmental parameters on sugar transport in growing cultures. For example, the effect of growth temperature can be studied independently of the effects of growth rate. In batch cultures, this is not possible, since a change in growth temperature will also result in a change in growth rate. As a result, it is not possible to conclude whether observed differences in sugar transport are due to a change in temperature, a change in growth rate, or both.
The general principles of chemostat cultivation and the methods used have been amply reviewed (47, 80) . Below, some aspects that are of particular relevance for sugar uptake studies are briefly discussed.
METHODS USED FOR CHEMOSTAT CULTIVATION IN RELATION TO SUGAR TRANSPORT STUDIES Medium Composition
Since the uptake of solutes by growing cultures is strongly dependent on environmental conditions, these conditions must be constant and defined. The basis for reliable chemostat cultivation, i.e., for defined growth conditions, is an appropriate design of the growth medium, In sugar-limited chemostat cultures, all inorganic nutrients and vitamins must be present in excess. Optimization of growth media with respect to the major nutrients is facilitated by the use of macroscopic balances. For example, formation of S. cerevisiae biomass in aerobic, glucose-limited chemostat cultures grown at a dilution rate of 0.10 h-1 can be described by equation 6 (114) 10-3 mol of ammonium liter-' must be present in the growth medium. If this concentration of ammonium is not present, growth will no longer be limited by the sugar supply and the culture will be nitrogen limited. This may result in the accumulation of sugar in the culture. Under such conditions, yeasts generally do not express the high-affinity uptake systems that are present in sugar-limited cultures (85) . In addition to the major nutrients, micronutrients (trace elements and vitamins) must be present in excess. In anaerobic cultures, the vitamin mixture should include ergosterol and unsaturated fatty acids (1, 2 respectively (83) . From these data, it follows that the specific rate of glucose consumption (qs [see In practice, sampling times of 1 to 3 s can be obtained by filtering culture samples through a cellulose-acetate filter (33) . An alternative method is to directly transfer a culture sample into liquid nitrogen (83, 84) . After the sample has thawed on ice, the cell-free supernatant can be recovered by centrifugation or filtration at 0°C. Yet another option is sampling by inclusion of a dialysis probe in the fermentor (85) . It is obvious that for measurements of residual substrate concentrations in chemostat cultures, low cell densities are preferred, since this will reduce substrate consumption during sampling. This approach has been followed in the elegant studies by Egli et al. (33) on the growth kinetics of E. coli, in which residual substrate concentrations were in the nanomolar range. It is important to stress that the affinity for the growth-limiting substrate imposes a lower limit on the steady-state biomass concentrations that can be used in chemostat cultures; equation 5 is valid only when the reservoir concentration of the growth-limiting substrate (C5j) is at least 2 orders of magnitude higher than the residual substrate concentration (CQ) (80 A special problem may be encountered with S. cerevisiae strains. In respiratory, sugar-limited cultures of this yeast, spontaneous synchronization of the cell cycle may occur (75, 116) , which is associated with oscillations in sugar transport and metabolism. In some strains these oscillations do not damp out. When alternatives are available, yeast strains with a strong tendency toward wall growth or oscillations should not be chosen as model organisms for chemostat studies.
MANIPULATION OF METABOLIC FLUXES IN
CHEMOSTAT CULTURES Since, in substrate-limited chemostat cultures, the dilution rate equals the specific growth rate, equation 2 can be rewritten as
This implies that in chemostat cultures, the specific rate of substrate consumption can be varied either by manipulation of the growth rate or by controlled modification of the biomass yield. A third option to obtain a controlled variation of metabolic fluxes is growth on mixed substrates. Each of these three possibilities will be briefly discussed below.
Variation of Dilution Rate
In many yeasts, the biomass yield from the substrate is virtually constant over a wide range of dilution rates (80) . In these cases, equation 7 predicts a linear relationship between the dilution rate and the specific rate of substrate consumption. This implies that the rate of substrate consumption can be manipulated by varying the dilution rate. Indeed, a linear relationship between growth rate and q, was observed when the dilution rate of aerobic, sugar-limited chemostat cultures VOL. 58, 1994 of C. utilis cultures was varied between 0.10 and 0.50 h-1 (Fig.  6 ).
It should be stressed that the simple linear relationship between D and q, applies only when the biomass yield does not change with the dilution rate. At very low dilution rates, energy requirements for maintenance processes affect the biomass yield (80) , which therefore cannot be considered a constant. This will make the relation between D and q, at low growth rates more complex. As discussed below, changes in sugar metabolism that occur at high growth rates in some yeasts may also complicate the relationship between ,u and q,.
Variation of Biomass Yield
Variation of the metabolic flux by manipulating the dilution rate is inevitably associated with changes in growth rate. According to equations 2 and 7, q, can also be manipulated independently of the growth rate by modifying the biomass yield on the growth-limiting substrate. In yeasts, this can be achieved in various ways.
In facultatively fermentative yeasts, the biomass yield of chemostat cultures that respire sugar is much higher than the yield of fermentative cultures. For example, in aerobic, glucose-limited chemostat cultures of S. cerevisiae grown at D = 0.10 h-1, Y. = 0.5 g g-'. In anaerobic cultures grown at the same dilution rate, YS = 0.1 g of biomass (g of glucose)1, which is associated with a fivefold-higher glucose uptake rate. This implies that q, can be varied by controlled manipulation of the oxygen feed rate to sugar-limited chemostat cultures (Fig.  7) (122) .
A rather complex modulation of sugar transport rates, caused by simultaneous changes of and Y.,, occurs in aerobic, glucose-limited chemostat cultures of S. cerevisiae. At low dilution rates, growth of this yeast is fully respiratory and the glucose uptake rate increases linearly with increasing D (36, 50, 84) . However, above a certain critical dilution rate, respiration and alcoholic fermentation occur simultaneously, resulting in a decrease of YS,C. Above the critical dilution rate, the simultaneous increase of D and decrease of Y, result in a strongly enhanced rate of sugar uptake (Fig. 8 ).
An alternative experimental approach to enhance the sugar transport rate at a fixed dilution rate is the addition of nonmetabolizable weak organic acids (e.g., benzoic acid) to the growth medium of sugar-limited chemostat cultures (112, 113) . These compounds dissipate the transmembrane pH gradient by diffusing from the acidic extracellular environment into the near-neutral cytosol. Inside the cells, the acid molecules dissociate. To prevent acidification of the cytoplasm, the released protons must be expelled from the cell by the plasma membrane ATPase complex. As a result of the enhanced ATP requirement for intracellular pH homeostasis, less ATP is available for biosynthetic purposes. This in turn results in a decrease of the biomass yield (Y.,) and, consequently, in an increase of the sugar uptake rate (Fig. 9) .
Growth on Mixed Substrates
In batch cultures, the utilization of substrate mixtures by yeasts often occurs via a sequential (diauxic) pattern (64) because of catabolite repression phenomena. In contrast, the low residual-substrate concentrations in sugar-limited chemo- stat cultures allow the simultaneous utilization of sugar mixtures or mixtures of sugars and other substrates (33, 45) . Thus, cultivation on mixed substrates offers yet another possibility to manipulate the specific rate of sugar transport in chemostat cultures. For example, glucose and ethanol can be utilized simultaneously in dual-substrate-limited chemostat cultures of S. cerevisiae (28, 42) . In such cultures, the specific rates of glucose and ethanol consumption can be manipulated not only by varying the dilution rate but also by changing the relative concentrations of glucose and ethanol in the medium feed (Fig. 10) . (Fig. 11) . When the residual glucose concentration in the culture is also known, the in situ contribution of the (Fig. 12) . From Fig. 12 (Fig. 13) . The better adaptation of various Crabtree-negative yeasts to growth at low sugar concentrations offers an explanation for the competitive advantage of so-called wild yeasts when these contaminate industrial baker's yeast production processes (82) .
REGULATION OF SUGAR TRANSPORT IN
The amount of ATP required for sugar-proton symport is determined by two stoichiometries: the sugar-proton stoichiometry of the proton symport carrier and the ATP-proton stoichiometry of the plasma membrane ATPase complex (Fig.  1) . In principle, the overall ATP requirement for sugar uptake can be calculated by independent determination of each of these two stoichiometries, for example from in vitro experiments.
The energy required for proton symport reduces the amount of energy available for biomass formation and can therefore be expected to cause a decrease in the biomass yield. Measurement of this decrease can be used for in vivo determination of the ATP requirement for sugar-proton symport. A prerequisite is that the transport step consumes a significant fraction of the ATP equivalents that are formed in the dissimilation of the sugar. This is the case during fermentative growth, when substrate-level phosphorylation yields only 2 mol of ATP per mol of hexose sugar. Accurate determination of biomass yields furthermore requires that all culture conditions that influence growth efficiency be controlled. Therefore, chemostat cultivation is the only cultivation method applicable for this type of in vivo investigation.
The energy requirement for maltose-proton symport in S. cerevisiae has been studied by comparison with the facilitated diffusion of glucose in anaerobic sugar-limited chemostat cultures (121) . S. cerevisiae was grown on both sugars under identical cultivation conditions. The biomass yield, expressed as the amount of biomass formed per amount of consumed hexose units, was 25% lower during growth on maltose than during growth on glucose. Apparently, 25% of the four ATP molecules formed during maltose fermentation (i.e., one ATP molecule per maltose molecule) was needed for uptake of this disaccharide. This increased rate of substrate-level phosphorylation has to be sustained by an increased rate of glycolysis. Indeed, specific ethanol and carbon dioxide production rates were substantially higher during growth on maltose than during growth on glucose (121) .
To confirm this conclusion, S. cerevisiae was grown on mixtures of glucose and maltose, which were fed simultaneously to the sugar-limited chemostat cultures. The biomass yield and ethanol and carbon dioxide production rates varied with increasing maltose-to-glucose ratios in the reservoir media as predicted by a metabolic model, which was based on the assumption that one ATP equivalent is required for maltose uptake (Fig. 14) .
The maltose/ATP stoichiometry of 1 determined in vivo is in accordance with a maltose/proton stoichiometry for the maltose/proton symporter of 1 (96, 108) and a proton/ATP stoichiometry of the plasma membrane ATPase of 1 (61, 68, 78) as determined in in vitro experiments.
FUTURE PROSPECTS
A number of genes involved in sugar transport have been cloned from yeasts and sequenced (Table 2 ). The predicted gene products are highly hydrophobic proteins, which share homology with bacterial and mammalian sugar transporters. All the putative gene products have, potentially, 9 to 12 membrane-spanning domains, and many of them contain potential N-linked glycosylation sites and recognition sites for cyclic AMP (cAMP)-dependent protein kinase. The latter observation suggests that cAMP may be involved in the regulation of sugar transport capacity in yeasts. 
